White chrysanthemum flowers frequently mutate to yellow, but such mutation is rare in 'Jimba'. We found a bud sport (BS) of 'Jimba' with a faintly yellow flower. By applying heavy-ion-beam radiation to the BS, we obtained mutants with a pale yellow flower (IB-1 lines). We irradiated those and obtained mutants with much deeper yellow flowers (IB-2 lines). Decreased expression of carotenoid cleavage dioxygenase 4 (CmCCD4a) was well correlated with increased carotenoid content in petals of the mutants. CmCCD4a comprises a small gene family in the 'Jimba' genome; at least 4 homologs were expressed in the petals of wild-type 'Jimba' and BS, but only 3 were expressed in the petals of IB-1 and only 1 in IB-2. We hypothesize that the decreased number of CmCCD4a homologs caused by irradiation is responsible for the decrease in expression.
Introduction
White-flowered 'Jimba' is the best selling chrysanthemum cultivar in Japan, accounting for about 30% of total production. A yellow-flowered cultivar with the same growth properties would benefit growers because both forms could be produced under the same conditions. White chrysanthemums mutate to yellow either spontaneously or by induction (Machin and Scopes, 1978 ), yet despite much effort, a yellow-flowered mutant of 'Jimba' has never been created. The rate of flower color mutation differs among chrysanthemum cultivars; some cultivars, including 'Jimba', rarely or never mutate, but the reason remains uncertain.
The yellow flower color of chrysanthemums derives from carotenoids (Kishimoto et al., 2004) . It has been suggested that white-flowered chrysanthemums have a single dominant gene that inhibits carotenoid formation (Boase et al., 1997; Hattori, 1991) . We have previously demonstrated that a gene encoding carotenoid cleavage dioxygenase 4 (designated CmCCD4a) is specifically expressed in white ray petals of chrysanthemums. A series of analyses strongly suggested that CmCCD4a is the single dominant gene Ohmiya et al., 2006 Ohmiya et al., , 2009 Yoshioka et al., 2010 Yoshioka et al., , 2011 . We previously showed that suppression of CmCCD4a expression by RNAi in 'Jimba' results in yellowflowered transformants ). This indicates that carotenoids are synthesized in petals of 'Jimba' and are cleaved by CmCCD4a, leading to the formation of white petals.
We obtained a faint yellow-flowered bud sport of 'Jimba' from a farmer's chrysanthemum field in Oita, Japan. Subsequent heavy-ion-beam radiation turned the flower color yellow. Here, we analyze the relationship between carotenoid content and the expression of CmCCD4a homologs in yellow-flowered mutants and show the mechanism that changes the flower color of 'Jimba' from white to yellow, which also explains why 'Jimba' rarely mutates to yellow.
Materials and Methods

Plant material
A pale-yellow-flowered bud sport (BS) of 'Jimba' was obtained from a farmer's field in Saeki, Oita, Japan, in December 2002. The BS line was grown in vitro in MS medium (Murashige and Skoog, 1962) solidified with 0.8% agar containing 3% sucrose. The leaves and flowers were cut into small pieces (approximately 2 mm × 5 mm) and cultured on MS medium solidified with 0.8% agar containing 3% sucrose, 2.0 mg·L −1 naphthalene acetic acid, and 1.0 mg·L −1 benzyladenine (shoot formation medium) for a week. The sections were exposed to 12 C 6+ at 320 MeV at 1 or 3 Gy (Table 1) generated by an AVF cyclotron (Japan Atomic Energy Agency, Takasaki, Japan). Tissues were then cultured on shoot formation medium for 3-4 weeks and then transferred to MS medium solidified with 0.8% agar containing 3% sucrose, 0.1 mg·L −1 naphthalene acetic acid, and 0.05 mg·L −1 benzyladenine. Shoots were habituated and then transplanted into a field. Mutant lines with pale yellow flowers were selected (IB-1-1 and IB-1-2). IB-1-1 plants were irradiated with 12 C 6+ , and mutant lines with deeper yellow flowers were selected (IB-2-1 and IB-2-2).
Analysis of carotenoid contents
Ray petals (0.5 g FW) of fully opened flowers were ground in acetone, and the extracts were partitioned between diethyl ether and aqueous NaCl. The carotenoid content was determined as the absorbance of the diethyl ether layer at 450 nm (A 450 ) and is expressed as micrograms of lutein equivalent per gram fresh weight (µg·g FW −1 ) of tissue.
RT-PCR-based cloning of CmCCD4a homologs
Reverse-transcription-polymerase chain reaction (RT-PCR) was performed using cDNAs obtained from ray petals of wild-type (WT) 'Jimba' and its flower color mutants as templates. Primers for CmCCD4a amplifica-tion (CCD4a-F1, CCD4a-R, Table 2 ) were designed from a conserved region of CmCCD4a homologs to produce a 1-kbp amplicon. PCR was carried out by using SpeedSTAR HS DNA polymerase (TaKaRa, Otsu, Japan). PCR products of appropriate sizes were cloned into the pCR2.1 vector (Invitrogen, Carlsbad, USA) and sequenced with a Big Dye Terminator v. 3.1 Cycle Sequencing Kit and an ABI PRISM 3100 Genetic Analyzer (Applied Biosystems, Foster City, USA). At least 50 clones were sequenced for each sample.
Analysis of CCD gene expression
Total RNA was extracted from ray petals using an SV Total RNA Isolation System (Promega, Madison, USA) and treated with DNase I. cDNAs were synthesized using a Superscript First-Strand Synthesis System (Invitrogen) from the total RNA. Levels of CmCCD4a and CCD1 transcripts were analyzed by quantitative real-time RT-PCR (RT-qPCR) using SYBR Premix ExTaq II (TaKaRa). Reactions were carried out using Thermal Cycler Dice Real Time System (TaKaRa). A chrysanthemum actin gene (GenBank accession no. AB205087) was used as a constitutive control. Plasmid DNAs containing CmCCD4a, CCD1, and actin cDNAs were used in standard curve assays. The levels of CmCCD4a Fig. 1 . Flowers of wild-type 'Jimba' and its flower color mutants. WT, wild type; BS, bud sport; IB-1-1 and IB-1-2, flower color mutants obtained by heavy-ion-beam irradiation of BS; IB-2-1 and IB-2-2, flower color mutants obtained by heavy-ion-beam irradiation of IB-1-1. Table 2 . Primers used in this study. 
Cloning of genomic CmCCD4a genes and genomic PCR analysis
Genomic DNA was isolated from mature leaves by the cetyl trimethyl ammonium bromide method (Murray and Thompson, 1980) . Genomic CmCCD4a genes from 0.8 kb upstream of the start codon to the stop codon were amplified by PCR using genomic DNA as a template and SpeedSTAR HS DNA polymerase. The forward primers were specific to either CmCCD4a-1 or CmCCD4a-2, which were obtained from white-flowered 'Paragon' (CCD4a-1-F1 and CCD4a-2-F1, respectively, Table 2 ) (Yoshioka et al., 2011) and the reverse primer was common to both homologs (CCD4a-1/2-R, Table 2 ). The PCR products were cloned into the pCR2.1 vector and sequenced. The PCR conditions consisted of 94°C for 30 s; 35 cycles of 94°C for 30 s, 55°C for 7 s, and 72°C for 90 s; and a final extension at 72°C for 2 min. For the PCR positive control, actin was amplified.
Primers specific to CmCCD4a homologs were designed and used for the detection of each in WT 'Jimba' and its flower color mutants by genomic PCR with SpeedSTAR HS DNA polymerase under conditions of 94°C for 30 s; 35 cycles of 94°C for 30 s, 60°C for 7 s, and 72°C for 30 s; and a final extension at 72°C for 2 min. We amplified CmCCD4a-1 with the primer set CCD4a-1-F2/CCD4a-1-R, CmCCD4a-2 with CCD4a-2-F2/CCD4a-2-R, CmCCD4a-3 with CCD4a-3/5-F/CCD4a-3-R, and CmCCD4a-5 with CCD4a-3/5-F/CCD4a-5-R (Table 2) .
Results
Carotenoid contents and CCD gene expression levels
We analyzed the relationships between carotenoid content and the expression of CmCCD4a and CCD1 in ray petals of the outermost layer of the corolla of WT 'Jimba' and flower color mutants. The carotenoid content of WT was below the detection limit ( Fig. 2A) ; that of BS was 1.5 µg·g FW −1 . Higher level of carotenoids was accumulated in ray petals of IB-1 plants (8-11 µg·g FW −1 ) than those in BS. Carotenoid content increased in IB-2 plants up to 30-35 µg·g FW −1 .
There was an inverse correlation between the carotenoid content and the expression of CmCCD4a (Fig. 2B) . Relative to the level in the WT, the expression of CmCCD4a was 60% in BS, 25% in IB-1, and 13% in IB-2.
The expression of CCD1 was highest in IB-1-1 and lowest in IB-2-2 ( Fig. 3) ; however, there was no correlation between the expression of CCD1 and carotenoid content.
CmCCD4a homologs expressed in ray petals
CmCCD4a comprises a small gene family in the chrysanthemum genome, and several homologs are expressed in ray petals. Yoshioka et al. (2011) reported at least 4 homologs (designated CmCCD4a-1, -2, -3, and -4) in the white-flowered 'Paragon'; CmCCD4a-1 and -2 were the main ones. CmCCD4a-4 is a pseudogene, having an in-frame stop codon in the coding region. We found at least 6 homologs in the 'Jimba' genome: in addition to CmCCD4a-1 to -4, we newly found CmCCD4a-5 (GeBank accession number: AB695091) and -6 (AB695092). CmCCD4a-1, -2, -3, and -5 were expressed in ray petals of WT; CmCCD4a-2 and -5 were the main ones ( Fig. 4) . Ray petals of BS showed a similar expression profile. Only CmCCD4a-2, -3, and -5 were expressed in IB-1. Only CmCCD4a-5 was expressed in IB-2. CmCCD4a-4 and -6 were not expressed in any line. The results suggest that the CmCCD4a-1 gene was lost from the BS genome in the first irradiation, and CmCCD4a-2 and -3 were lost from the IB-1-1 genome in the second irradiation.
Genomic PCR analysis of CmCCD4a homologs
Loss of CmCCD4a homologs by irradiation was confirmed by genomic PCR analysis using primers specific to CmCCD4a-1, -2, -3, and -5 (Table 2, Fig. 5 ). In WT and BS, genomic PCR products corresponding to all 4 CmCCD4a homologs were detected. In IB-1, bands corresponding to CmCCD4a-2, -3, and -5 were detected, but the band corresponding to CmCCD4a-1 was not detected. In IB-2, only CmCCD4a-5 was detected. The results indicate that intact copies of some CmCCD4a homologs were lost from the genome during heavy-ion-beam irradiation.
Discussion
Mutation breeding, such as bud sport selection and induction by radiation, offers advantages for vegetatively propagated plants because it can induce one or a few favorable changes in an outstanding cultivar without altering the remaining genotype (van Harten and Broertjes, 1989) . The mutation frequency of chrysanthemum is high because the genome is heterozygous, forming an aneuploid, hexaploid complex (2n = 6x = 54 ± 7-9) (Boase et al., 1997; Broertjes, 1966; Dowrick and El-Bayoumi, 1966) . The induction of mutations in chrysanthemums has produced a great number of cultivars (Wasscher, 1956) .
Although chrysanthemum flowers mutate from white to yellow (Machin and Scope, 1978) , efforts to obtain a yellow-flowered mutant of 'Jimba', a leading whiteflowered cultivar in Japan, have never been successful. One possible reason for the lack of success is that carotenoids are not biosynthesized in ray petals of 'Jimba'; however, suppression of carotenoid cleavage by RNAi of CmCCD4a produced yellow-flowered transformants , indicating that 'Jimba' flowers do synthesize carotenoids. CmCCD4a expression in transformants was suppressed to as little as 0.4% of the WT level, but the amount of carotenoids in the petals of the transformants was still less than that in yellow-flowered cultivars (Kishimoto et al., 2007) . If CmCCD4a expression could be completely knocked out, the petal color might become much deeper. We therefore hypothesize that ray petals of 'Jimba' synthesize as much carotenoids as yellow-flowered cultivars.
As chrysanthemums are hexaploid (Boase et al., 1997; Broertjes, 1966; Dowrick and El-Bayoumi, 1966) , most genes have multiple copies; so 'Jimba' could have multiple copies of CmCCD4a, and the mutation of one or two would not lead to the total loss of CmCCD4a enzyme activity. We found that 'Jimba' has at least 6 CmCCD4a homologs, 4 of which were expressed in ray petals. The decrease in the expression of CmCCD4a in the mutants may be due to a decrease in the number of CmCCD4a homologs expressed; yet carotenoid accumulation in ray petals has been assumed to be controlled by a single dominant gene (Boase et al., 1997; Hattori, 1991) . Analysis of CmCCD4a homologs in several cultivars has shown that the copy number is variable among cultivars. In '94-765', a breeding line, only one form of CmCCD4a exists, and it behaves as a single dominant gene (Yoshioka et al., 2011) ; so a single mutation can easily produce a yellow flower mutant. In fact, the frequency of flower color mutation of '94-765' is very high, and we sometimes obtain yellow mutants during Agrobacterium-mediated transformation experiments (unpublished results). On the other hand, 'Jimba' has multiple copies of CmCCD4a. So suppression of CmCCD4a expression by a single mutation may not be enough to allow carotenoid accumulation. In this case, a double or triple mutation is needed to induce a high level of carotenoid accumulation. A stepwise decrease in CmCCD4a expression may cause a stepwise increase in carotenoid content, as observed here in flower color mutants of 'Jimba' and in "Marble" cultivars, a flower color mutant series obtained from a bud sport (Yoshioka et al., 2011) .
As heavy-ion-beam radiation tends to induce structural changes in chromosomes such as inversions and translocations (Shikazono et al., 2005) , we suspect the deletion of fragments in the flower color mutants of 'Jimba'. Although each independent mutant line lost the same homolog, CmCCD4a-5 expression was not lost in any mutant. We therefore hypothesize that the frequency of mutation differs among CmCCD4a homologs. If CmCCD4a-5 expression could be suppressed by further irradiation, a deep yellow mutant might be obtained.
Ray petals of chrysanthemums are composed of superficial L1 and internal L2 cell layers (Stewart and Derman, 1970) , each derived from a different somatic cell, whose genome could mutate independently; therefore, flowers that arise from bud sports are, in general, periclinal chimeras with genetically different cell layers. Many yellow-flowered bud sports of chrysanthemums are chimeras with carotenoids in only one cell layer (Langton, 1980) . The same CmCCD4a homologs were expressed in ray petals of both WT and BS plants, although at a lower level in BS. We hypothesize that one or two CmCCD4a homologs were lost and a small amount of carotenoid accumulated in one cell layer of BS ray petals while the genotype of the other cell layer remained unchanged. On the other hand, IB-1 and IB-2 were not chimeras, because they were produced via regeneration from a single cell after irradiation, so loss of CmCCD4a homologs in both cell layers increased the carotenoid content.
There is increasing evidence that CCD1 contributes to apocarotenoid formation in flowers and fruits (Ohmiya, 2009) ; however, suppression of CCD1 transcript levels does not affect carotenoid levels (Auldridge et al., 2006; Simkin et al., 2004a, b) . One explanation is the limited access of CCD1 to carotenoids in plastids. In Arabidopsis, members of the CCD subfamily, except AtCCD1, contain a plastid-targeting signal and are located in plastids (Tan et al., 2003) . In contrast, the CCD1s reported so far lack a plastidtargeting signal and is located in the cytoplasm (Bouvier et al., 2003; McCarty and Klee, 2006 ). In addition, major substrates of CCD1 in planta were shown to be carotenoid cleavage products (C27-apocarotenoids; Floss et al., 2008; Ilg et al., 2010) . In 'Jimba', CCD1 transcript levels were not correlated with carotenoid content, indicating that CCD1 does not affect carotenoid content in chrysanthemum petals.
By repeating the selection of mutants from bud sports and irradiated lines, we obtained yellow petal mutants of 'Jimba'. The number of CmCCD4a homologs decreased stepwise by irradiation, resulting in a stepwise increase in the carotenoid level in ray petals. The copy number of CmCCD4a homologs expressed in ray petals differs among chrysanthemum cultivars (Yoshioka et al., 2011) . The rate of flower color mutation from white to yellow may depend partly on the copy number of CmCCD4a. It is therefore wise to examine the copy number of CmCCD4a when we select cultivars for flower color mutation.
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